Abstract: Surface morphology of perovskite film is critical for highly efficient perovskitebased solar cells. The solution processed perovskite films tend to have voids and pin-holes between the crystals, which has been cited as very detrimental to device performance. The voids and pin-holes not only cause electrical shorting but deleteriously impact charge dissociation/transport/recombination because of the defects existed on the surface and grain boundaries of the perovskite films as well. Here, we demonstrate passivation of the perovskite surface and grain boundaries by small molecules through infiltration of subphthalocyanines (SubPc) into the perovskite film. Reduced surface defects have been obtained, which was verified by XRD and time-resolved dynamics measurements. As a result, the power conversion efficiency for the solution-processed planar heterojunction solar cells has been enhanced from 9.96% for the contrastive perovskite solar cells to 13.6% for the SubPc passivated perovskite solar cells.
Introduction
Optical solar cells are promising platforms for harvesting inexhaustible solar energy based on a variety of solar light absorbing materials, including crystalline silicon, thin-film polycrystalline or amorphous semiconductors; organic semiconductors and new materials are constantly emerging in this field [1] - [3] . Organic-inorganic hybrid perovskite materials as light harvesters in solid-state solar cells have gained intense attention in the past few years for their unique lattice structures and optoelectronic properties such as highly perfect crystalline structure, direct bandgap, large absorption coefficient, high charge carrier mobility and long charge carrier diffusion length [4] . Miyasaka et al. pioneered the first perovskite photovoltaic device in 2009, which exhibited power conversion efficiency (PCE) of 3.8% and they further improved the PCE over 9% [5] , [6] . Over the past two years, average PCE of over 15% has been reported by different groups, and the highest efficiency of 22 .1% has been achieved [7] . The rapid rise in PCE has made perovskite-based solid-state solar cells a highly promising commercial technology for solar energy conversion.
The semiconductor perovskite materials exhibit ambipolar transport properties, allowing them to transport both hole and electron simultaneously in hybrid solar cells [8] . The long charge carrier diffusion lengths of perovskite materials (1 μm in CH 3 NH 3 PbI 3−x Cl x and 100 nm in CH 3 NH 3 PbI 3 ) [9] encourage the progressive development of planar heterojunction (PHJ) perovskite solar cells. In contrast to perovskite materials infiltrated in mesoporous metal oxide scaffolds [10] , the PHJ structure is compatible with solution-processing techniques and would enable its flexible device application due to the low temperature fabrication processes [11] . One of the main challenges encountered in the PHJ perovskite solar cells is how to optimize film morphology. It has been proposed that the limited performance of the PHJ architecture may arise from pin-hole and voids formation [12] . Trap-states localized at the surface and grain boundaries of the perovskite film will induce mono-molecular recombination mode [13] . Moreover, the incomplete coverage of the perovskite results in low-resistance shunting paths and lost light absorption in the solar cells. Many efforts have been made to solve this problem by optimizing the quality of the perovskite crystal to increase grain size and decrease the voids, such as two-step iodide deposition [14] , two-source thermal evaporation [15] , and vapor-assisted solution process [16] . On the other hand, Huang et al. reported that the trap states can be passivated by spin-coating fullerene onto the perovskites, which provide another direction to enhance the device efficiency by film morphology modification [17] .
In this paper we employed a small molecule of boron subphthalocyanine chloride (SubPc) to passivate the defects. We found that filling up the voids and pin-holes is easier due to its lower viscosity of the small molecule compared to that of the polymer. Moreover, compared to the polymer passivation, thermal annealing is avoided for the spin-coated SubPc film, which eliminated the possible damage to the perovskite by the further thermal annealing. We observed that free charge carrier lifetime was increased, which indicated effective passivation of the surface defect trap-states [18] , [19] . The SubPc passivation results in an improved device performance of the perovskite solar cells, and the PCE has enhanced from 9.96% for the contrastive perovskite solar cells to 13.6% for the SubPc passivated perovskite solar cells
Fabrication and Characterization
All the chemicals were used as received, including CH 3 NH 3 I (99.999%, Xi'an polymer light technology corp.), PEDOT: PSS (Clevious), PbCl 2 (99.999%, Lumtec), PCBM and SubPc (Lumtec). For the non-stoichiometric perovskite precursor solution, a 1: 3 molar ratio of PbCl 2 /CH 3 NH 3 I was mixed in anhydrous N, N-Dimethylformamide (DMF), with final concentrations 0.8 M lead chloride and 2.4 M methylammonium iodide. The solution is stored under a dry nitrogen atmosphere while stirring overnight before use.
PEDOT: PSS was spin coated onto a clean ITO surface under 4000 rpm and then annealed at 120°C for 15 min. The precursor solution was spin-coated onto the PEDOT: PSS layer at 5000 rpm and then annealed at 100°C for 2 h. After that, SubPc in toluene solution was spin-coated onto the crystallization perovskite film for perovskite passivation. 2 wt% PCBM in chloroform solution was coated subsequently at 1500 rpm. Above steps were operated in the nitrogen environment. Finally, the device was transferred to a vacuum chamber for Ag electrode deposition. The device area is 0.04 cm 2 . The characteristics of all the devices in our experiment were tested in air without any encapsulation. The thickness of cathode layer was monitored by quartz crystals, and calibrated by a Spectroscopic Ellipsometers (J. A. Woollam Co., Inc., USA). The SEM images were taken on a JEOL JSM-7500F. The X-ray diffraction patterns were collected on a Rigaku X-ray powder diffractometer using CuK alpha radiation (λ = 1.54050 A). The absorption spectra of the samples were measured by a UV-vis spectrophotometer (UV-2550, Shimadzu Co., Inc., Japan). The current density-voltage (J-V) characteristics of all the solar cells were measured using a Keithley 2400 source measure unit under a 1 sun simulated AM 1.5G illumination. With an AAA class solar simulator (XES-70S1, san ei electric co.), the light intensity with 100 mW cm −2 was calibrated by standard Si photodiode detector equipped with a KG-5 filter. External quantum efficiencies were measured by an Enli Technology (Taiwan) EQE measurement system. The results given in the paper are the average values. TA spectroscopy were obtained by femtosecond time-resolved pump-probe technology and the carrier dynamic traces were obtained by controlling the relative delay between the pump and the probe pulses with a stepper-motor-driven optical delay line.
Results and Discussions

Morphology Analysis
Small molecule of SubPc as excellent light absorption and charge transport material has unusual optical and electrical properties and render itself to the potential materials for photovoltaic and high-density optical data storage devices and nano-technological applications [20] . The perovskite film with SubPc passivation is shown in Fig. 1 . The voids and pinholes existed in perovskite film are infiltrated by the SubPc and the film surface is coated by the SubPc solution. Top view SEM images were conducted to inspect the morphology of the perovskite films with and without the SubPc passivation. As shown in Fig. 2 , SubPc with low concentration has obvious infiltrated into the perovskite film without apparent change of the surface morphology compared with the reference. When the concentration was increased, the small molecule aggregated into clusters at the perovskite surface which has a negative influence on charge performance of the perovskite solar cells. Therefore, the low concentration between 0.5 and 1 mg ml −1 was better adopted in perovskite solar cells. Sectional view SEM image (Fig. 2f) illustrates that 1 mg ml −1 SubPc was infiltrated into contrastive perovskite film without any molecule aggregation. Meanwhile the sectional view has affirmed about 300 nm thickness of the perovskite film.
Characterizations
The steady-state absorption spectra of the perovskite films without or with various concentrations of SubPc passivation was exhibited in Fig. 3 . The steady absorption spectra of CH 3 NH 3 PbI 3−x Cl x Fig. 3 . UV/vis absorption spectra of the non-passivated and SubPc passivated perovskite films with various concentrations. Fig. 4 . XRD spectra of the non-passivated (a) and SubPc passivated perovskite films with various SubPc concentrations of 0.5 mg ml −1 (b), 1 mg ml −1 (c), 2 mg ml −1 (d), and 5 mg ml −1 (e).
scanning from ultraviolet to near infrared regime exhibits two distinct shoulders located at ∼480 and ∼750 nm. The absorption shoulder at ∼750 nm is attributed to the direct gap transition from the first valence band maximum to the conduction band minimum. The absorption shoulder at ∼480 nm is considered as the residue in the partial decomposed process [21] . The SubPc passivation films with various concentrations show the same absorption characteristics compared with the reference. Moreover, the absorption peak of SubPc (∼590 nm) [22] is not observed in the spectra, which indicates that the small amount of the SubPc has no influence on the absorption of the perovskite film.
X-ray diffraction (XRD) was analyzed to assess the impact of infiltrated SubPc on the crystallization of perovskite film. Fig. 4 presents XRD patterns of the contrastive and SubPc-passivated CH 3 NH 3 PbI 3−x Cl x films with various concentrations. The main diffraction peaks at 14.2
• , 28.5
• and 43.3
• are assigned to the lattice orientation (110), (220) and (330) of the mixed-halide perovskite with an orthorhombic crystal structure, respectively [23] . The perovskite films presented here are pure phase, crystallized in the expected tetragonal I4/mcm space group. No impurities can be observed and all samples crystallize with similar lattice parameters. The peak intensity of the passivated film with low concentration SubPc has been increased obviously, which might be attributed to a reduced surface defect and improved film quality induced by the small molecule passivation.
Further investigation of the effect of small molecule passivation on the film quality was performed through studying the fundamental photophysics of the reference and SubPc-passivated Fig. 5(a) -(c), the TA spectra (pumped under 400 nm with intensity of 7.6 μJ cm −2 ) obviously shows two ground bleaching signals at 754 nm (∼1.621 eV, band gap transition) and 485 nm (2.557 eV, trapstates photobleaching), as well as the broad excited-state absorption from 500 to 700 nm. The arrow indicates the direction of ground state bleach recovery. These transient signals are caused by photobleaching, and both shape and intensity of all the spectra signals are independent of the concentration of the SubPc. The relation of the time resolved difference TA spectra could last for a timescale of nanoseconds, which indicates the free charge carrier recombination [24] . The TA spectra illustrate that the absorption properties of the perovskite films are not affected by the introduction of the SubPc, which is consistent with that of the measured absorption spectra (see Fig. 3 ). To further verify the effect of the SubPc passivation, we focused on the 754 nm photoinduced bleach singal to probe the band-edge charge carrier dynamics in the CH 3 NH 3 PbI 3−x Cl x films. Fig. 5(d) displays the carrier recombination dynamics of contrastive and SubPc-passivated perovskite films with concentration of 0.5 mg ml −1 and 1 mg ml −1 under the identical pump intensity. The kinetic decay rates of band-edge at ∼754 nm become slower in the SubPc-passivated perovskite films. The lifetime of the contrastive perovskite film is 1205 ps, while it is increased to 1830 ps (0.5 mg ml −1 ) and 1850 ps (1 mg ml −1 ), respectively, for the passivated films. Therefore, the SubPc passivation has the effect to increase the lifetime of the perovskite film due to the defect passivation of the SubPc on the grain boundaries and surface of the perovskite film. The increased lifetime means prolonged carrier diffusion length, which would be a great benefit to the device performance of the perovskite solar cells.
Photovoltaic Performance
The passivation effect of the SubPc on the device performance has been examined by comparing the J-V and EQE characteristics of the perovskite solar cells with and without the SubPc passivation and is shown in Fig. 6 . The detailed solar cell performance parameters are summarized in Table 1 . Obvious improvement of the device performance can be observed from the passivated devices. The reference cell without the passivation shows Voc, Jsc, and FF of 0.9 V, 18.3 mA cm −2 , and 60.16%, respectively, leading to a PCE of 9.96%. In the case of the passivated devices, the performance was obtained for the device with the SubPc concentration of 1mg ml −1 , which exhibits a PCE of 13.6%, with Voc of 1.02 V, Jsc of 19.94 mA cm −2 , and FF of 66.72%, respectively. The defect passivation effectively suppresses the charge recombination and longer carrier diffusion length, which contributes to the enhanced cell performance, especially enhanced Jsc and FF. This is further supported by the decreased series resistance of 133 cm 2 and the corresponding shunt resistance of 28.2 k cm 2 after 1 mg ml −1 SubPc passivation. However, the series resistance of reference cell without the passivation is 179 cm 2 , and corresponding shunt resistance is 27.1 k cm 2 . The SubPc infiltration of the pinhole and voids in perovskite film to reduce the leakage current also contributes to the enhanced FF and Voc. It is identified that Voc increases with the concentration of SubPc from 0.5 to 2 mg ml −1 and then severely decreases with further increased SubPc concentration. The SubPc aggregation into clusters at high concentration would hinder the electron transfer from the perovskite layer to PCBM layer, which leads to the degradation of the device performance. The external quantum efficiency (EQE) spectrum of the solar cells without or with SubPc at the concentration of 1 mg ml −1 exhibits an obvious enhancement in the wide spectral response from 400 nm to 800 nm.
Conclusion
In conclusion, we have demonstrated passivation of the perovskite film by employing small molecule infiltration. The small molecule of SubPc has infiltrated into the voids and pinholes of the perovskite film to realize a defect passivation at the perovskite surface and grain boundaries. The defect passivation results in an increased carrier lifetime, which contributes to improved device efficiency. The power conversion efficiency for the solution-processed planar heterojunction solar cells has been enhanced from 9.96% for the non-passivated perovskite solar cells to 13.6% for the SubPc passivated perovskite solar cells. Different from the methods of improving the quality of perovskite crystal in the process of crystallization, the passivation method provides a simple and low-cost avenue to improve the quality of the perovskite film and further increase its efficiency. This work may open a door for deeper optimization of perovskite films applied for a range of optical and optoelectronic devices.
